Introduction
[2] The Slave province is an Archean granite-greenstone craton that is located in the northwest corner of the Canadian Shield and spans an area of $600 km Â 400 km ( Figure 1 ). Several attributes make the Slave province a unique natural laboratory for detailed examination of the structure of cratonic lithosphere. It is a well-preserved craton that hosts some of the oldest rocks found on Earth, the $4.03 Ga Acasta gneisses [Bowring et al., 1990] . Furthermore, it is pierced by numerous kimberlite pipes rich in xenoliths that sample the entire lithospheric column [e.g., Griffin et al., 1999] . Geochemical and petrological analyses of these mantle xenoliths reveal a distinct stratification of the Slave craton's lithosphere that is marked by variable degrees of iron-depletion and suggests an assembly by vertical stacking of subducted slabs [e.g., Grütter et al., 1999; Kopylova et al., 1999] .
[3] A number of regional and local seismological investigations have helped characterize the vertical structure of the Slave's lithosphere. First, global and regional seismic velocity models suggest that deep continental roots extend to $300 km depth beneath the Canadian Shield [e.g., Grand, 1994; Frederiksen et al., 2001 ; van der Lee and Frederiksen, 2005; C. Li et al., manuscript in preparation, 2007] . However, the resolution is not sufficiently high to determine the lithospheric thickness directly beneath the Slave craton. Second, shear-wave splitting and receiver function studies have revealed the existence of azimuthal anisotropy beneath the Slave craton, but no consensus has been reached on its vertical distribution due to limitations inherent to the methods. Bank et al. [2000] found an average SKS splitting time of 1 s for the whole craton, with a fast direction of N60°E ± 20°consistent with the presentday absolute plate motion (APM) of North America. Using receiver functions, Bostock [1998] revealed the existence beneath the SW Slave craton of three anisotropic layers that he attributed to shallow subduction processes. More recently, Snyder and Lockhart [2005] suggested that only two distinct layers of anisotropy are necessary to fit azimuthallydependent SKS data, with an upper layer corresponding to crustal and uppermost mantle structure, and a lower lithospheric layer influenced by plate motion.
[4] It is apparent from these results that current models lack the vertical resolution to uniquely constrain the upper mantle structure of the Slave craton. This limitation can be addressed by undertaking complementary seismic investigations such as surface wave analyses, which provide superior vertical resolution due to the waves' depthdependent sensitivity to upper mantle structure. Here, we conduct such an analysis using a new, high-quality Rayleigh wave dataset to produce profiles of phase velocity, anisotropy and S-wave velocity that provide new constraints on the vertical structure of the Slave craton.
Data and Inversion
[5] We use fundamental mode Rayleigh wave data recorded at the POLARIS (Portable Observatories for Lithospheric Analysis and Research Investigating Seismicity) seismic network, operated by the Geological Survey of Canada, and the Yellowknife array (Figure 1) . Instrument responses from different types of seismometers are normalized before data processing. The data set consists of 42 events at epicentral distances ranging between 31°-118°, with magnitudes M S ! 5.5. Rayleigh waveforms on the vertical-component seismograms are analyzed at 12 frequencies ranging from 7 to 50 mHz (20 to 142 s period). The density of crossing rays decreases with increasing period because the noise level in the data is higher at longer periods.
We first filter the Rayleigh wave using a 10-mHz-wide bandpass filter centered at the target frequency, and then isolate the Rayleigh wave in a selected time window to eliminate bodywave phases and noise outside the window. The window length varies from event to event depending on the epicentral distance and dispersion characteristics, but the same window length is applied to all seismograms for a given eventfrequency pair. Rayleigh wave amplitudes and phases are then determined through Fourier analysis of the filtered and windowed seismograms.
[6] A two-step procedure is adopted for the inversion of Rayleigh waves for S-wave velocity structure. First, Rayleigh wave amplitude and phase data are inverted for phase velocities. Second, phase velocities are inverted for S-wave velocity structure. In the first step, we employ the arrayanalysis technique developed by Forsyth and Li [2005] , which models the incoming wave field with a two-planewave approximation. The method simultaneously solves for the characteristics of the incoming wave field and phase velocity, as well as anisotropic parameters, taking into account multipathing effects caused by velocity anomalies outside the seismic array. Before inverting for phase velocities, we first solve for the best fitting initial plane wave parameters for each event using a simulated annealing method while holding the velocities fixed. We then use a generalized linear inversion [Tarantola and Valette, 1982] that simultaneously solves for phase velocities and adjustments to the wave parameters. A detailed description of the method and successful applications are presented by Forsyth and Li [2005] , Weeraratne et al. [2003] , and Li et al. [2003] .
[7] The second step of the approach involves the inversion of uniform phase velocity dispersion curve for a 1-D S-wave velocity profile. We use the ak135 reference model [Kennett et al., 1995] as a starting model, and search for the perturbed S-wave velocity model that best fits the observed phase velocities in a least-squares sense [Weeraratne et al., 2003] . The predicted phase velocities are computed from S-wave velocity models using partial derivatives obtained through the DISPER80 package [Saito, 1998 ]. We conducted an extensive series of synthetic tests to examine the robustness of the resulting models as a function of damping parameters and starting velocity models used in the inversion. Whereas pertinent results from this analysis are invoked here in the interpretation, the full range of synthetic tests is presented and discussed in a separate paper (C.-W. Chen et al., manuscript in preparation, 2007) .
Results
[8] Figure 2a shows the average Rayleigh wave phase velocities as a function of period obtained by inversion of the Slave craton data, along with results from selected global and regional cratonic studies (see auxiliary material for inversion results).
1 At shorter periods, between 20 and 33 s, the phase velocities increase from 3.7 to 4.05 km/s. These values are comparable to those of other cratons, such as Tanzania [Weeraratne et al., 2003, and references therein] . Between 33 and 60 s, a decrease in slope is observed. At longer periods, from 60 to 140 s, the dispersion curve is generally flat with an average velocity of 4.25 km/s, but error bars do not preclude a steady increase from 4.25 km/s at 60 s to 4.4 km/s at 140 s. The average value of $4.25 km/s is significantly higher than the average Rayleigh wave phase velocity obtained by Brune and Dorman [1963] for the whole Canadian Shield. It is also higher than average cratonic values from other regions (Figure 2a ), e.g., eastern North America [Li et al., 2003] , Superior [Darbyshire et al., 2007] , South Africa [Li and Burke, 2006] (not shown), and global phase velocity models [Ekström et al., 1997] .
[9] By virtue of the frequency-dependent sensitivity of surface waves, the inversion also provides estimates of azimuthal anisotropy as a function of depth. In this study, we invert for uniform anisotropic characteristics beneath the Slave. The fast direction is required to be constant laterally within the craton but it is solved for independently at each period, while allowing phase velocity to vary laterally. The best fitting anisotropic parameters are shown in Figure 2b . We note that some level of anisotropy is detected at nearly all periods. The anisotropy appears to increase from an average of 1.37% at periods below 40 s to 2.7% for periods above 60 s. At periods below 29 s, the principal fast direction is N10°E ± 20°. The azimuth of anisotropy changes to a NE-SW direction of N59°E ± 20°at longer periods between 29 and 100 s. At periods >100 s, the fast direction rotates towards a N-S direction of N23°E ± 33°, with larger uncertainty.
[10] The 1-D S-wave velocity profile obtained by phase velocity inversion (cf. second inversion stage in data and inversion section) is shown in Figure 3 . The inferred cratonic lithosphere is represented by a high velocity lid averaging 4.72 ± 0.2 km/s and extending between 50 and $150-200 km depth. As in other cratonic areas [see, e.g., Debayle and Kennett, 2000; Weeraratne et al., 2003 ], the high-velocity lid is underlain by a negative velocity gradient perhaps associated with the transition to a low-viscosity asthenospheric layer. Synthetic tests show that S-wave velocities are well resolved down to $200 km depth, below which the results become more dependent on the starting model. In light of this observation, we used a set of different starting models to test the robustness of the principal [Brune and Dorman, 1963] ; the cratonic average from a global phase velocity model (dashed) [Ekström et al., 1997] ; the Rayleigh wave dispersion curve for the Tanzanian craton (dotted) [Weeraratne et al., 2003] , and the predicted phase velocities from our model in Figure 3 features observed in the resulting profile. Results indicate that the high velocity lid between 50 and 200 km depth is resolved independently of the starting model, implying that this structure is required by the data. The presence of a highvelocity lid in this depth range is supported by continental/ global-scale tomography results [e.g., van der Lee and Frederiksen, 2005] , which show a $4% positive (fast) anomaly in the upper mantle beneath the Slave craton relative to reference Earth models. Finally, we observe an apparent velocity reduction at $100 km depth. However, we find that the magnitude of this anomaly is highly dependent on the level of damping used in the inversion and, consequently, that the anomaly cannot be considered as a robust feature of the model.
Discussion and Conclusion
[11] This study yields important new insights into the depth and the average velocity of the Slave's cratonic lithosphere, as well as the vertical distribution of anisotropy in the upper mantle. The observed high velocities indicate a particularly depleted and/or cold, unperturbed Archean continental lithosphere, and comparisons with other cratonic environments suggest that the Slave craton may be an end member in this respect. This result corroborates those from several petrological studies, which report an ultra-depleted layer of spinel peridotites in the central Slave's upper mantle down to 100 -150 km [Griffin et al., 1999] , and a cooler mantle in the southeastern Slave than in other Archean cratons [Kopylova and Caro, 2004] . Our results also agree with a recent study by O'Reilly and Griffin [2006] , who used garnet concentrates in xenoliths to infer seismic velocities for the central Slave craton and predicted high S-wave velocities comparable to those found here.
[12] Estimates of lithospheric thickness from seismic studies often vary depending on the criteria used to define the lithosphere and asthenosphere. In body-wave tomography, the depth extent of high-velocity regions (i.e., 0.5 -2% above global velocity average) in the uppermost mantle has been used to define the extent of the lithosphere [e.g., Grand, 1994] . This definition may however overestimate the lithospheric thickness due to vertical smearing. In surface-wave tomography, on the other hand, the base of the lithosphere is inferred from the strongest negative gradient in S-wave velocity marking the base of a highvelocity lid [e.g., Debayle and Kennett, 2000] . In our S-wave velocity profile through Archean stable lithosphere, high velocities of 4.7 ± 0.2 km/s observed from 40-150 km depth are up to 5% higher than global averages (i.e., ak135) in this depth range. Below 150 km, we observe a negative gradient that reaches a minimum of $4.68 km/s at $275 km depth, consistent with the ak135 velocity at this depth (within error). If we use the center of the negative velocity gradient to infer the base of the lithosphere, we obtain a depth of 220 ± 65 km. However, reduced depth sensitivity of long period Rayleigh waves prevents us from uniquely resolving structures below $200 km depth. Therefore, we suggest that the base of the Slave's lithosphere occurs at no less than 150 km, and that a thicker lithosphere that extends to 250 km depth [van der Lee and Frederiksen, 2005] cannot be ruled out at this stage. This result agrees well with petrological constraints from xenolith data, which indicate that the base of the Slave lithosphere lies at 160-190 km depth [Kopylova et al., 1999] .
[13] Until now, vertical distribution of anisotropy has only been elusively inferred in the Slave craton. Bank et al. [2000] suggested a solely sub-lithospheric origin; however, splitting data only provide limited constraints on the vertical extent of anisotropy. Conversely, here we find that anisotropic signatures are robustly observed at most periods between 20 -100 s, indicating that anisotropy is present in the lithosphere as well. The anisotropy with APM-parallel fast direction is observed between 29 s and 100 s periods, an interval with greatest depth sensitivity ranging between subMoho to lower lithosphere (50 -150 km). These results are consistent with those of Snyder and Lockhart [2005] , who suggested solely on the basis of SKS splitting results that the main component of mantle anisotropy may be caused by large-scale, shape-preferred orientation (SPO) geometry within the lithosphere. In their interpretation, this SPO is attributed to a concentration of parallel kimberlite dykes that are aligned with the direction of APM, i.e., perpendicular to the direction of minimum horizontal stress, in which fractures would have opened to accommodate kimberlite dyke intrusions. Our results also indicate variations of anisotropy with period, but due to the broad depth range of surface wave sensitivity kernels, we only suggest the existence of a change in azimuth from a N-S fast direction at short periods The starting model (dashed) is ak135. The horizontal error bars show the standard deviation of the resulting S-wave velocities at each depth. The vertical resolution, which is based on the number of adjacent layers that need to be combined to provide one independent constraint on a given velocity value, is indicated for selected depths.
below 29 s to a NE-SW fast direction at longer periods. The shallow N-S trending anisotropy may correspond to regional crustal and uppermost mantle structure resulting from Archean tectonic processes (e.g., sutures) that predated the stabilization of the Slave cratonic lithosphere [Davis et al., 2003 ]. An independent study by Snyder and Bruneton [2007] reached similar conclusions by jointly analyzing SKS splitting and Rayleigh wave dispersion data. In this study, the anisotropy results at periods >100 s are less well constrained, but we observe a consistent change in fast direction that may result from APM-oblique asthenospheric flow due to topography at the base of the lithosphere.
[14] In conclusion, this study introduces independent constraints on the vertical structure of the Slave craton. The cratonic root persists to a depth of $220 km, which is comparable to lithospheric thicknesses found in other Archean cratons, such as Australia [Simons et al., 2002] and Siberia [Priestley and Debayle, 2003] . High phase velocities recovered at intermediate periods agree with cooler and/or more depleted lithospheric roots in the Slave craton compared to other Archean cratons. Furthermore, our Rayleigh wave inversion reveals distinct anisotropic domains in the crust, the lithospheric mantle and the sub-lithospheric mantle. The dominant fast direction consistent with the APM of North America reflects the influence of sub-lithospheric flow on almost the entire lithospheric structure.
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